Abstract. Several finegrained ceramics exhibit enhanced ductility or even structural superplasticity at high temperature. Grain boundaries play a dominant role in the deformation process of these materials which usually involves diffusion-accommodated grain boundary sliding. Sliding is either lubricated by an amorphous intergranular phase or takes place by glide and climb of grain boundary dislocations. At high temperature, anelastic deformation precedes plastic deformation and stems from the short range motion of lattice defects, such as dislocations and grain boundaries. The energy loss ("mechanical loss") associated with such motion can be measured by using the technique of mechanical spectroscopy. Moreover, at the onset of plasticity ("rnicroplasticity"), long range irrecoverable motion of defects contributes to additional mechanical loss. Mechanical loss spectra may then give an insight into mechanisms operating at the transition between anelastic and plastic deformation. As an illustration, the spectra of three fine-grained ceramics (Si,N,, ZrO,, A1,0,) are presented. In all cases, anelastic relaxation phenomena.(peak and background) have been observed at high temperature (>1200K), bearing a close relation with creep behaviour. Their analysis permits to distinguish between different types of microstmctural elements: bulk regions of amorphous intergranular phase at triple points, grain boundaries separated by a thin glassy film and "clean" grain boundaries.
FINE-GRAINED CERAMICS: MICROSTRUCTURE AND PLASTIC DEFORMATION
The high temperature mechanical properties such as toughness and creep resistance of fine-grained ceramics are controlled by their microstructure which determines the micromechanisms of plastic deformation. Several ceramics have been found to exhibit enhanced ductility or even structural superplasticity at high temperature (Table I) , for reviews see [I-1 11 . Although these ceramics are very different with regard to microstructure, physical and chemical properties, they share one common feature: all of them have a very fine grain size (of the order of a micron or less). Consequently, grain boundaries (GBs) play a dominant role in the high temperature deformation process of these materials. Effectively, a major component of high temperature deformation is attributed to diffusion-accommodated GB-sliding. Arguments for this are the low stress exponents (between 1 and 3, table I), the retention of equiaxed grain form even after large deformation, the lack or scarcity of dislocations observed by TEM in crept specimens and the dependence of the creep rate on the grain size and on the GB morphology and chemistry.
GB-sliding is often lubricated by an amorphous intergranular phase, usually a Si0,-or YSiAlONbased glass, which originates in the use of sintering aids. This phase forms thin films (1-2nm thick) separating high energy GBs [12] and can also be found in the form of bulk glass pockets at triple grain junctions [13] . In the extreme case, the ceramic grains are embedded into a glass matrix (glass-ceramics). But even without any second phase ("clean" GBs), deformation by GB-sliding can take place, involving glide and climb of GB-dislocations. Finally, segregation and even precipitation of impurities or dopant elements to the GBs often occur, thus affecting the local chemistry and the mobility of GB-dislocations.
At high temperature, anelastic deformation precedes plastic deformation and stems from the short range motion of lattice defects, such as dislocations and grain boundaries. The energy loss ("mechanical loss") associated with such motion can be measured by using the technique of mechanical spectroscopy. Moreover, at the onset of plasticity, i.e. "microplasticity", long range irrecoverable motion of defects contributes to additional mechanical loss. The study of mechanical loss spectra may then give some insight into the mechanisms operating at the transition between anelastic and plastic deformation. In this range of deformations (at low stress and low temperature), creep is controlled by "interface-reaction" [14-
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1996872 151, which is of importance for the characterization of the materials (e.g. threshold-stresses) and the mechanisms of which are still not fully established. Moreover, thank to the low deformations involved, this technique permits to study grain sliding processes even in those materials where strain-enhanced grain growth would lead to a change of deformation mechanism in a conventional creep experiment.
As an illustration, the mechanical loss spectra of three types of fine-grained ceramics (Si,N,, ZrO,, A1,0,) are presented. In all thre cases, anelastic relaxation phenomena were observed Ggh temperature ation with the creep (>1200K), depending strongly on the GB-structure and being in close co/ behaviour. In metals, creep is often interpreted as being due to the collective motion of dislocations which are very mobile at high temperature and which can give rise to anelastic phenomena which are not directly related to the grain boundaries [37] . In fine-grained ceramics, on the contrary, due to the low density of intragranular dislocations combined with their low mobility at the usually achieved temperatures, creep takes place predominantly by GB-sliding. Therefore, fine-grained ceramics could turn out as model systems for the investigation of GB-relaxation peaks and give thus information on the glide and climb of GB-dislocations. This could bring new light in the controversy about the existence of a "grain boundary relaxation peak", genuinely produced by the mecanism of GB-sliding, which is still unresolved in metals [38] . Moreover, when amorphous intergranular phases are present, which soften and melt at temperatures relatively low compared to the melting temperature of the ceramic, new phenomena are expected, related to lubricated sliding and to relaxation processes inside of the second phase, which are absent in metals.
Another feature commonly observed in the mechanical loss spectra of all materials is the "hightemperature exponential background (on which the GB-peak, if any, is superposed). This increase of mechanical loss is stronger in polycrystals than in single crystals and in metals it seems to be due to dislocation damping, but the exact mechanisms are not yet understood. Therefore, the description of such backgrounds remains empirical, e.g. as proposed by Schoeck et al. [39] , where f is the frequency , H the activation enthalpy and a<l a broadening factor: 
HIGH TEMPERATURE DAMPING IN FINE-GRAINED CERAMICS
Although the potential of the mechanical spectroscopy technique for measuring GB-sliding rates in ceramics was already recognized and applied in 1976 [23] , since then only few investigations on high temperature damping of ceramics have been reported . Moreover, most of the reports are incomplete as regards systematic exploration of the dependence of damping on frequency, stress, deformation amplitude, thermal history and microstructural evolution. This lack of data arises mainly from experimental shortcomings: most measurements were conducted using free decay methods which offer only a limited frequency and stress domain; the necessary high temperatures pose problems with gripping of the samples and limit the choice of atmosphere; finally, often only incomplete knowledge of the microstructure is available.
In this section, we briefly summarize the published data available to date by classifying the materials into three categories, as to the content and morphology of intergranular second phase. To illustrate the typical features, we present some results which we obtained in three different ceramic systems: silicon nitride, zirconia and alumina. The measurements were conducted using a differential, inverted torsionpendulum working with forced vibrations. The basic details are described in 117,271. This pendulum allows measurements of the mechanical loss and of the elastic torsion modulus as a function of frequency (range lO~lOHz), of temperature (300-1600K) and of stress-amplitude (I12MPa) in vacuum (10-5Torr).
Ceramics with a bulk secondary amorphous phase. Example: Si,N,
The internal friction measurements reported on silicon nitride and its composites show a large disparity [17, 19, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , due to the very sensitive dependence of the mechanical loss spectrum on the chernistq and crystalline state of the intergranular phase, which is unavoidable in these materials even when no sintering aids are used. Two main features appear: 1) In many cases, a well resolved peak at 1100-1450K, of height 5-150.10", with activation enthalpy 340-1 12OkJ/mol, which often evolves or even disappears with thermal treatments. 2) In all cases, an exponential background.
As an illustration, we show the typical spectrum obtained for a pressureless sintered Si3N4-lOwt% (Y203-AI,03-AIN) material (Fig. 1) . The observed peak (1270K, 1Hz) and associated modulus decrease (15%) are manifestations of a relaxation phenomenon, as was shown by isothermal measurements [33] . The relaxation parameters ( T k peak disappears irreversibly on cooling and the spectrum stabilizes (for T <1600K) towards a diminished exponential background ( Fig. 1 ) which has an activation enthalpy similar to the one of the peak (1075kJfmol).
The evolution of the spectrum depends however strongly on the nature of second phases. In the case of a Si3N4-7.5wt% (Y203-A1203) grade, the peak also at first disappears but heating up to 1600K leads to its reappearance, although at lower helght (Fig. 3) . Moreover, here the background and its associated modulus decrease are both higher compared to the other grade. Finally, in a composite of 30vol%TiN-Si3N,-7.5wt% (Y203-A1203), the peak never disappears completely [30] and at the same time the exponential background is much higher than in the corresponding matrix material (Fig. 4) . It is worth mentioning that the creep resistance of these three grades decreases in the same order as their mechanical loss background becomes stronger, indicating that the background is due to viscoplastic deformation [3 1-32] . The occurence of this peak is related to the presence of bulk intergranular glass phase at the triple points. Effectively, after the peak had disappeared and the modulus increased (Fig. 3) , it was confirmed by TEM observations that the glass-phase had crystallized 1331. In the case where the peak reappeared with lower intensity, the phase was found to be partly amorphous, indicating that it must have partly melted above 1500K. We conclude that the addition of TiN particles impedes the crystallization of the intergranular glass phase.
It is then straightforward to attribute the observed peak to the glass phase, but what is the underlying mechanism? Knowing that the glass transition temperature, T,, of YSiAlON glasses lies around 1200K [40] , it seems plausible to associate the peak to the a-relaxation, which occurs in glasses at temperatures near T,. In a pure anorganic glass, the quantity tan+ increases monotonically without a peak [41-421. The appearance of a peak in our case points to the existence of a restoring force, probably given by the rigid skeleton of the surrounding Si,N4 grains. In glasses and when big variations of the shear modulus p are involved, the free activation energy AG,,, is not equal to the activation enthalpy AH, because of the large entropic contribution. This can be accounted for by using the approach of Schoeck and Escaig [43-441, where the activation volume V is negligibly small in oxynitride glasses [40] : Figure 4 : Mechanical loss of a composite 30~01% TiNSi3N4-7.5wt%(Y203-A1203) (1) compared to its matrix (2). The mechanical loss background of the composite is higher and the associated modulus decrease is not followed by a reincrease. The peak does not disappear. In the present case, taking the modulus variation as measured by ultrasonic techniques in [40] , Eq. (2) yields a reasonable free activation energy value of 400-700kJImol in the peak temperature range. This supports the interpretation of the peak as being due to the a-relaxation in the glassy phase. Therefore, tan@ is not a relevant quantity and it is preferable to refer to the real and imaginary part of the modulus which, when reported in a Cole-Cole plot (Fig. 5) , can provide additional information as to the degree of correlation which characterizes the atomic mobility in the glass [45] . From the slope of G, vs. G, at high frequency, we obtain a correlation factor b=0.48, which is typical of other oxynitride glasses as well [42] . Then the activation energy of the elementary process (P-relaxation) is obtained as H =H.b=536kJ/mol, which is of the order of the free activation ener for creep in YSiAlON glasses (400-6&kJ/mol) [40] .
On the basis of all these observations, %e spectrum was interpreted by using a rheological model (Fig. 6 ) accounting for the coupled anelastic and viscoplastic relaxation phenomena (peak and background). The dashpots represent the viscosities of bulk pockets and thin films of glass respectively, while the springs stand for the elastic restoring forces. Note finally that the spectra of silicon nitrides show similarities to the spectum of WC-1 lwt%Co [46] where also a peak and a background are obtained and the peak has its origin in a mechanism (dislocation motion) taking place inside of the bulk regions of cobalt binder phase. Here as well, abnormally high values of the activation enthalpy and of the preexponential attempt frequency term are obtained, which stem from an evolution of the material during the measurement [46] .
Ceramics containing thin amorphous GB-layers. Example: ZrO,
Only very few investigations of the mechanical loss at high temperature are available in zirconia [16-191. Our measurements on fine-grained (0.3-lpm) ZrQ-2mol%Y,O, (2Y-TZP) show a monotonic increase of damping together with an abrupt decrease of the modulus above 1200K (Fig. 7) . These are manifestations of a relaxation process, as isothermal measurements at temperatures up to 1600K at frequencies between and lOHz have shown (Fig. 8 ). From these, it also becomes clear that the spectra consist of a highfrequency part ("peak) and a low frequency part ("background). Figure 7 shows how the damping and modulus decrease depend on the impurity content: both are higher in a grade containing 9lOppm SiO, plus other impurities (forming thin intergranular glassy layers), as compared to a purer grade with e20ppm Si02 (with no detectable glass-phase). This bears qualitative analogy to the creep resistance of these materials which is inferior in the less pure grade, a fact which was attributed to the lubricating effect of the glassy layers on GB-sliding [47-481. The activation enthalpy values obtained from the shift of the high-frequency part of the spectra are 590 and 630 kJ/mol respectively, values which are close to the ones obtained from creep tests (580 and 620 Wmol resp.). Finally, in the purer grade, the mechanical loss was observed to vary in inverse proportion to the grain size (Fig. 9) , again similar to the creep behaviour where also a grain size exponent equal to one is obtained [47-481. This close relation between damping and creep deformation points to a common mechanism operating in both experimental conditions and suggests that the damping is directly associated with microplastic deformation. Therefore, we attempted to interprete the mechanical loss s ectra by using a simple GB-sliding model (Fig. 10) of grains separated by a GB-layer of thickness ! and viscosity q (representing either the viscosity of the silica-based glass or the intrinsic GB-viscosity, in the "purer" grade). By using Newton's law, we thus calculate the predicted mechanical loss:
The shape of the spectrum will depend on the restoring force constant K, which represents the limitation of the GB-sliding due to the rigidity of the polycrystal. If K is strong, one obtains a peak, if it vanishes, a background (steady increase). Since K represents the rigidity of the material, it is expected to decrease in the same measure as microplastic deformation becomes important, i.e. at long times (low frequency) and high temperatures. Such a variation of K effectively leads to a calculated spectrum which is qualitatively similar to the experimental one (Fig. 8) [17-181. We therefore believe that the measured spectra in zirconia should not be separated into independent peak and background components, as would be the classical way of proceeding, but that they are better described by a model as above. The transition between the high and low frequency parts of the spectrum is thus related to the oncet of microplasticity. Such a transition should also appear as a function of temperature, provided measurements at high enough temperatures are possible.
Ceramics with glass-free grain boundaries. Example: A1,0,
Again, only very few measurements have been reported on alumina [17, 18, . The spectrum shows close similarity to the one of zirconia: in measurements as a function of temperature, a monotonic increase of damping is observed, accompanied by a decrease in modulus, as illustrated in Fig. 11 500ppm MgO grade. Again, isothermal measurements reveal that these phenomena are the high-frequency part of a spectrum (Fig. 12 ) which, at lower frequency turns into a steady increase of mechanical loss (background). Fig. 12 shows a "master spectrum", meaning a superposition of spectra taken at different temperatures (1350-1550K) by shifting them along the "logf-axis". The fact that it is possible to superpose the spectra by this way shows that the spectrum can be described by a single activation enthalpy value, namely 840Wmol, indicating that a single mechanism is probably at the origin of the entire spectrum. This value is however higher than the one obtained by creep tests on identical specimens [49-501. Moreover, we investigated the effect of the amplitude of the applied stress in the range 3-12MPa. The measurements revealed a threshold-type dependence of damping at about 2MPa, increasingly pronounced at lower frequencies (Fig. 13) . This could be due either to an additional relaxation process, activated above a certain stress level or due to a stress-dependence of the main mechanism which gives rise to the basic spectrum. We tend to favour the second version because the stress-dependence becomes prominent for the same low frequencies were the transition between "peakw-and "backgroundw-type behaviour takes place which, as in the case of zirconia, could be related with a diminution of the restoring force. Finally, we were able to explore the effect of grain size (0.7-3.3pm) and amount of Y,O,-codoping (0, 500, 1500ppm) on the spectra (Fig. 14) which all showed remarkable reproducibility from sample to sample, from measurement to measurement and stability even for long measurement times (several days).
The influence of the microstructural parameters seems at first sight quite complex but is actually in very good qualitative analogy with the creep behaviour, if in Fig. 14 we substitute the mechanical loss by the creep rate at 20MPa, 1723K, on identical specimens [SO] . This fact shows that there is a close correlation between creep deformation and anelastic deformation. However, the activation enthalply values as derived from mechanical spectroscopy (840-1075kJ/mol) are consistently higher that those from creep (520-800Wmol), contrary to the case of zirconia where identical values were obtained.
Such a complicated influence of the grain size and dopant content as in Fig. 14 cannot be explained by a simple model as the one in Fig. 10 . Effectively, when the GBs are devoid of glassy phase, as was the case with the alumina ceramics presented here, a model taking into account the microstructural aspects of GB-sliding in terms of glide and climb of GB-dislocations is more appropriate. In this model, there are three important parameters controlling the damping: 1) the density A of GB-dislocations, which is inversely proportional to the grain size, 2) their mobility B,-', depending on jog creation and migration and 3) the restoring force K. By taking into account the information on the segregation of Y-atoms to the GBs and the recipitation of YAG articles [SO], such a model ennits to discuss qualitatively the result of Fig. 14 [17] . Loreover, it is possibg to describe the transition f ! o m peak to background (Fig. 12) by postulatmg that the pinning points of the vibrating dislocation segments are not immobile but can themselves move with a mobility By' [51] . Therefore, instead of Eq. (3), a system of equations is needed, like Eq. (4) where x and u stand for the average positions of the dislocation and of its pinning points, respectively. The predicted spectrum has the form of a peak at high frequency with a transition to a monotonic backgound in the low frequency limit:
(w ist the angular frequency, b the Burgers vector and GU the unrelaxed shear modulus). Interestingly, Eqs.
(4) correspond to a 4-parameter rheological model identical to Fig. 6 , if the viscosities are replaced by the two friction terms B1 and B2.
CONCLUSIONS, SUGGESTIONS FOR FURTHER RESEARCH
The high temperature spectra of three types of fine-grained ceramics were investigated. They all are composed of a mechanical loss peak which is superimposed on a mechanical loss background and accompanied by a decrease in the torsion modulus. In all cases the magnitude of damping can be directly correlated to the creep rate measured on identical material. The analysis of the spectra permits to distinguish between the contribution to the anelastic deformation of three different types of microstructural elements frequently encountered in ceramics: 1) Triple points containing bulk regions of amorphous intergranular phase. A well resolved mechanical loss peak is observed which has its origin in this bulk phase and appears above its glass transition temperature. The evolution of the peak height permits to follow the crystallization or reamorphization of this phase during heat treatments. 2) Grain boundaries containing a thin amorphous film (oxide or oxynitride glass in this case). GB-sliding is lubricated by the presence of this second phase, whose viscosity may thus be estimated on the basis of mechanical loss measurements. 3) Grain boundaries devoid of glassy phase. The intrinsic properties of the boundary determine the anelastic deformation, i.e. the anelastic behavior is best described in terms of GB-dislocation motion. This can be affected by the segregation of dopant elements or precipitation of second phase particles. A common feature that appears in all high temperature measurements is the exponential increase of damping, which is accompanied with a steady decrease of the dynamical modulus. This (viscoelastic) "damping background", which is intimately related with microplastic deformation, is however poorely investigated and its mechanisms not understood. Except of the empirical relation of Eq. (I) , no quantitative description of the background is yet established. Moreover, with spectra like the ones of zirconia and alumina, it seems that peak and background are related and depend on the same mechanism. In that case, approaches as in Eqs. (3) and (4) could provide a description of the measured spectra, however, too many parameters are open, like the restoring force and mobility terms, so that such an approach remains at present qualitative. Finally, the experimentally observed broadening of the spectra (factor w2-4 in Figs. 8 and 12 ) further hinders any quantitative interpretation in terms of micrornechanisms.
We only begin to understand the rnicromechanisms involved in the anelastic and microplastic deformation of ceramics. Only few materials have been investigated yet, while there remains a long list of systems where (super)plastic deformation has been achieved (Table 1) . Given the strong influence of even small microstructural changes, it is thereby extremely important to characterize the materials as precisely as possible and to preferably combine different techniques (mechanical spectroscopy, creep tests, microscopy observations) on identical material grades. Moreover, in cases where the structure evolves (grain growth, crystallization, segregationlprecipitation, redistribution of the glassy phase from GBs to triple points) the thermal history of the samples should be well defined. In that case, mechanical spectroscopy can provide a powerful tool to detect such evolutions.
Another open question is the interpretation of the activation enthalpy values obtained by the shift method. They are always higher than the self-diffusion values and often higher than the creep activation values as well. While the approach by Perez and coworkers [45] can be applied to the case where glasses are involved, the correct interpretation of the activation enthalpies in all other cases is still open.
By the nature of the technique, mechanical loss measurements take place at temperatures and stresses which are lower than those achieved in creep tests. Therefore, at most only "microplastic" deformation is achieved, which is controlled by the "interface reaction" process [14-151 which depends either on the transfer of matter through the glassy phase or on the mobility of GB-dislocations. These phenomena are important for understanding threshold stress behaviors and predicting creep of materials at low stress and temperature, where a creep test would take too much time because of the low macroscopic creep rate.
Isothermal measurements with forced vibrations which offer both a large frequency domain and a constant microstructure are preferable over free decay methods, especially given the large variations of modulus and the microstructural evolutions. Also, if possible, stress-amplitude effects should be investigated at stresses that come as close as possible to the creep testing conditions. At the same time, it is valuable to measure and report the absolute values of the dynamic elastic modulus, whose variations can also provide complementary information, e.g. when second phases soften or when porosity is present.
